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Abstract 
METHANE (CH4) IS AN important greenhouse gas with a global warming potential 
(GWP) 25 times greater than carbon dioxide (CO2) that can be produced or consumed 
in soils depending on environmental conditions and other factors. Biochar application 
to soils has been shown to reduce CH4 emissions and to increase CH4 consumption. 
However, the effects of rice husk biochar (RB) have not been thoroughly investigated. 
Two 60-day laboratory incubation experiments were conducted to investigate the 
effects of amending two soil types with RB, raw mill mud (MM) and composted mill 
mud (CM) on soil CH4 consumption and emissions. Soil cores incubated in 1 L glass 
jars and gas samples were analysed for CH4 using gas chromatography. Average CH4 
consumption rates varied from –0.06 to –0.68 g CH4-C(1)/ha/d in sandy loam soil and 
–0.59 to –1.00 g CH4–C/ha/d in clay soil. Application of RB resulted in CH4 uptake of 
–0.52 to –0.55 g CH4-C/ha/d in sandy loam and –0.76 to –0.91 g CH4-C/ha/d in clay 
soil. Addition of MM showed low CH4 emissions or consumption at 60% water-filled 
pore space (WFPS) in both soils. However, at high water contents (>75% WFPS) the 
application of MM produced high rates of CH4 emissions which were significantly 
suppressed when RB was added. Cumulative emissions of the MM treatment produced 
108.9 g CH4-C/ha at 75% WFPS and 11 459.3 g CH4-C/ha at 90% WFPS in sandy 
loam soil over a period of 60 days. RB can increase CH4 uptake under low soil water 
content (SWC) and decrease CH4 emissions under anaerobic conditions. CM 
expressed more potential to reduce CH4 emissions than those of MM. 
Introduction 
Methane (CH4) is a key greenhouse gas with GWP 25 times greater than CO2 and with a 
lifetime of 12 years (IPCC, 2007). It is produced as part of the carbon cycle in anaerobic soil 
conditions via a process known as methano-genesis (Verheijen et al., 2010). It is largely emitted 
from rice paddy soils, marshes, and lakes as organic matter decomposes anaerobically. These 
sources contribute 15% to 45% of global methane emissions (Segers, 1998). CH4 fluxes from soils 
are related to the interaction of physical, chemical and microbiological processes (Segers, 1998). 
Reducing soil-borne CH4 emissions would decrease greenhouse effects on the environment and 
mitigate global warming. 
In a contrasting process, CH4 consumption can occur in aerobic soils when CH4 is oxidised 
by microorganisms known as methanotrophs (Segers, 1998; Robertson and Grace, 2003). Aerobic 
soils can consume significant amounts of atmospheric CH4 (Pol-van Dasselaar et al., 1998) 
primarily in the oxic top soil layer and in the oxic rhizosphere (Segers, 1998). 
                                                 
1 CH4-C is expressed on the atomic weight of carbon 




This CH4 oxidation process is exploited in reducing CH4 emissions from landfills (Spokas 
and Bogner, 2011). Methane consumption is affected by temperatures and water contents (Pol-van 
Dasselaar et al., 1998; Weier, 1999; Spokas and Bogner, 2011). Highest rates of CH4 oxidation 
have been observed between 20 °C and 35 °C (Spokas and Bogner, 2011). Additionally, CH4 
uptake doubled when temperature increased from 4 to 12 °C (Pol-van Dasselaar et al., 1998). 
However with a further increase of temperature up to 20 °C, the CH4 uptake was smaller. CH4 
consumption has been shown to increase when SWC increases from 22.5% to 37.5% and decrease 
when it exceeds 45% (Pol-van Dasselaar et al., 1998). SWC lower than 5% and higher than 45% 
inhibits CH4 uptake (Pol-van Dasselaar et al., 1998). 
Similar results were found by Scheer et al. (2011) in a subtropical pasture where CH4 
consumption rates reduced steadily during rain events as SWC increased until CH4 production 
commenced. These results indicate that very dry or very wet soil conditions inhibit CH4 
consumption. 
Covering landfill with organic materials, so called oxidation layers, markedly enhance 
methane oxidation (Barlaz et al., 2004). A similar effect might be expected when adding organic 
amendments to soil. However, results from previous studies are inconsistent (Le Mer and Roger, 
2001). CH4 emissions following the use of organic soil amendments are usually very small (Bhogal 
et al., 2007). The situation is different with biochar, as previous studies have reported that soil 
amended with biochar shows reducing CH4 emissions (Karhu et al., 2011; Liu et al., 2011). 
Applying bamboo biochar and straw biochar to paddy soils reduces emissions by 51.1 and 91.2%, 
respectively compared to treatments without biochar (Liu et al., 2011). Karhu et al. (2011) claim 
that biochar addition increases CH4 consumption by 96% compared to the control. 
Raw and composted mill muds have low nitrogen (N) content, neutral pH and low phyto-
toxicity which make them suitable for agricultural use (Meunchang et al., 2005) in improving soil 
conditions and crop yields. In 1997, sugar mills in Queensland and NSW generated about two 
million tonnes of wet mill mud (Barry et al., 1998), which is recommended to be applied at up to 
150 t/ha (Qureshi et al., 2000). 
Applying this material to soils increases soil porosity and soil aeration, reduces CH4 
production and promotes CH4 oxidation (van Zwieten et al., 2009). To date research on the effects 
of rice husk biochar and mill mud products on CH4 emissions and consumption has not been well 
documented. Rice is being introduced as an alternative cash crop in Australian sugar cane systems 
and rice husks are widely used as a source for biochar in South-East Asia. This study aimed to 
determine the effects of adding raw and composted mill mud and rice husk biochar to soils on CH4 
flux in two contrasting soils of sandy loam and clay soil with the results relevant to both Australia 
and South-East Asian cane systems. 
Materials and methods 
 Two laboratory experiments were carried out to evaluate the influence of organic 
amendments on CH4 emissions and consumption from sandy loam and clay soil at QUT, Brisbane. 
Each experiment consisted of 15 treatments with six replicates. The treatments consisted of (i) an 
un-amended (UN) control, and both soils amended with (ii) 110 t/ha of raw mill mud (MM), (iii) 
60 t/ha of rice husk biochar (RB), (iv) 60 t/ha of raw mill mud plus 25 t/ha RB (MB), and (v) 
110 t/ha of composted mill mud (CM). CH4 fluxes from each treatment were assessed at moisture 




– GWC: gravimetric water content (%) 
– BD: soil bulk density (g/cm3) 
– 2.65 assumes the soil particle density 
(g/cm3) 




 Organic amendment sources 
 Biochar used in this study was produced from rice husks at 350–500 °C by thermal pyrolysis 
and supplied by Barmac Industries Pty Ltd. MM and CM were provided by Broadwater sugar mill. 
The MM was stockpiled for several weeks prior to use, and the CM comprised mill mud and 
bagasse, and was aged for at least eight months after a three months windrow composting process. 
 Description of soil sampling and preparation 
 Soils (sandy loam and clay soil) were collected in October, 2011 from a sugarcane 
plantation in Broadwater, northeast NSW (29°00’S 153°25’E). They were sampled from the 
0-20 cm depth of cultivated soils. Soil samples were air-dried, ground, and sieved through 2-mm 
stainless mesh and stored in a refrigerator at 4 °C. Chemical and physical properties of soils and 
organic amendments are shown in Table 1. 
 
Table 1—Chemical and physical characteristics of the three organic 
amendments and the two Broadwater soils. 
 Mill mud Composted mill mud Rice husk biochar Sandy loam Clay soil 
pH (1:5 H2O) 7.2 6.9 9.0  4.9 4.9 
CEC (cmol(+)/kg 18.8 15.5 5.7  4.3 13.0 
Moisture (%) 66.3 50.7 6.8  –  
Total C (%) 25.0 12.0 46.4  2.2 2.5 
Total N (%) 0.9 0.5  0.4  0.2 0.2 
C/N ratio 28.1 22.6 116.1 14.5 14.1 
Soil bulk density (g/cm3)  – – – 1.2 1.17 
Sand (%) – – – 75.4 17.2 
Silt (%) – – – 12.6 33.1 
Clay (%) – – – 12.0 49.7 
  
Incubation setup 
 The equivalent of 200 cm3 of the sieved soil (240 g for the sandy loam and 234 g for the 
clay) was mixed thoroughly with the amendments and packed into a 15-cm tall PVC cylindrical 
core (0.05-cm inner diameter). 
Deionised water was added to all cores to reach 60% WFPS and pre-incubated at 25 °C for seven 
days. After pre-incubation, moisture levels were adjusted to 60%, 75% and 90% WFPS. Each core 
was placed in a 1L glass jar with a rubber septum lid. The jars were placed at a constant temperature 
of 25 °C in an incubator. 
Soil moisture was checked every three days by weighing the cores and deionised water was 
added to adjust cores back to the assigned moisture contents when necessary. The incubation was 
carried out over two phases, 30 days each. N in the form of solubilised urea was added at a rate of 
200 kg N/ha at day 30 after completing the first phase and observed for next 30 days in the second 
phase. 
Methane fluxes were determined at 1, 2, 3, 5, 7, 10, 12, 15, 20, 25, and 30 days after the 
incubation started and also after N was added (day 30). Gas samples were taken from each jar at 
closure of the lid and after three hours (Nguyen et al., In press) by inserting a syringe through the 
rubber septum and immediately transferred into evacuated 10 mL glass vials (Exetainer, Labco Ltd, 
UK). The lids of the jars were closed for gas sampling and opened afterwards to allow for free gas 
exchange with the ambient air. 
 Methane concentration in gas samples was measured by a gas chromatograph (Shimadzu, 
Japan) equipped with a flame ionisation detector. Flux rates of CH4 were calculated using Equation 
1 and 2 as described in van Zwieten et al. (2010). CH4 concentrations were log-transformed to 
obtain a normal distribution and interactions were tested by ANOVA using R Commander Software 
version 2.13.2 (R Team code 2011). 




Results and discussion 
 Methane consumption and emission rates 
The average daily CH4 consumption rates for all treatments ranged from –0.06 to –0.68 g 
CH4-C/ha/d in sandy loam soil and –0.59 to –1.00 g CH4-C/ha/d in clay soil (negative flux rates 
indicate CH4 consumption). The treatments with RB consumed –0.52 to –0.55 g CH4-C/ha/d in 
sandy loam and –0.76 to –0.91 g CH4-C/ha/d in clay soil. This is lower than the results reported in 
Scheer et al. (2010; 2011) with –1.6 g CH4-C/ha/d in the treatments with biochar. 
In the sandy loam soil, CH4 consumption was highest at 60% WFPS compared to other 
water contents. The maximum value of CH4 consumption was –4.4 g/ha/d in CM treatment (Figure 
1a). The CH4 consumption rates in all treatments at 60% WFPS of sandy loam showed the same 
trend. When the water content increased to 75% WFPS, CH4 consumption was still the dominant 
process with the exception of MM, which emitted CH4 at almost every sampling event after day 15. 
This treatment reached a maximum emission of 7.3 g CH4-C/ha/d at day 25 and a second peak of 
3.7 g CH4-C/ha/d at day 50 (Figure 1b). At 90% WFPS, CH4 fluxes increased significantly for MM 
and MB treatments while CH4 consumption was markedly reduced for the remaining treatments. 
The MM and MB amened soils started to produce CH4 from days 7 and 15, respectively. The CH4 
emissions from MM reached a maximum of 505.9 g CH4-C/ha/d two days after N had been added 
(Figure 1c). CH4 emissions peaked at 47.3 and 2.9 g CH4-C/ha/d for the MB and RB treatments, 




Fig. 1—Consumption and emissions of CH4 from Broadwater sandy loam and clay soils 
amended with different organic materials at different water contents. Bars are standard 
error of means (n=5). Arrows indicate the time when 200 kg N/ha was added. [Key: MM is 
mill mud, RB is rice husk biochar, MB is rice husk biochar plus mill mud, CM is 
composted mill mud and UN is the control without amendment.] 
 
In contrast, CH4 consumption was prevalent in all treatments in the clay soil; though 
elevated CH4 production occurred on days 45 and 50 in all treatments at all three water contents 
(Figure 1d-f). The highest emission value of 6.8 g CH4-C/ha/d was observed in the control (UN) at 
90% WFPS. The CH4 consumption rates and temporal trend were similar in all treatments. 
 Cumulative CH4 consumption and emissions 
Cumulative CH4 consumption and emissions over 60 days trial period are presented in 
Figure 2. At 60% WFPS in sandy loam soil, cumulated consumption of CH4 was highest in MM 
amended soil (–40.8 g CH4-C/ha) while the MB amended soil showed the lowest consumption with 
–26.2 g CH4-C/ha (Figure 2a). In contrast, at 75% WFPS, MM amended soil produced the highest 




CH4 emission (108.9 g CH4-C/ha) while the remaining treatments consumed CH4, with an overall 
consumption of –32.8 g CH4-C/ha in RB (Figure 2b). 
At 90% WFPS, the MM amended sandy loam soil showed a steady increase in CH4 
emissions from day 15 to the end of the incubation. The cumulative CH4 emissions of the MM 
treatment were 11,459.3 g CH4-C/ha (Figure 2c). The second highest CH4 emissions (1,630.2 g 
CH4-C/ha) were seen in MB (Figure 2c). Emissions from RB were 43.2 g CH4-C/ha while the 
control (UN) and CM continued to consume methane at –25.1 and –3.4 g CH4-C/ha respectively. 
In clay soil, CH4 consumption was found in all treatments and at all water contents (Figure 
2d-f). The cumulative CH4 consumption at 60% WFPS was less for RB than for UN, MM and MB. 
The CH4 consumption values for all treatments ranged from –45.9 to –56.2 g CH4-C/ha. The same 
trend was observed at 75% WFPS with RB showing the lowest cumulated CH4 consumption. 
However, at 90% WFPS, RB consumed –54.7 g CH4-C/ha, more than any other treatments and 
53.7% more than UN (Figure 2f). 
Effects of soil moisture 
Methane consumption was significantly affected by soil water contents in sandy loam but 
only marginally in clay soil (Figure 2). In sandy loam soil, the rates of CH4 consumption and 
emissions markedly changed when soil water content increased from 60% to 75% and to 90% 
WFPS. Several studies have previously shown the negative relationship between the soil water 
content and CH4 oxidation in different ecosystems (Whalen et al., 1991; Dobbie and Smith, 1996; 
Singh et al., 1998; Singh et al., 1999). MacDonald et al. (1997) proved that increased soil moisture 
resulted in decreased CH4 oxidation rates. In a study by Pol-van Dasselaar et al. (1998), the CH4 
uptake was limited at water content lower than 12% WFPS and higher than 90% WFPS. According 
to Singh et al. (1999), CH4 consumption reached a peak at 20.7% WFPS and decreased to a 
minimum when the soil water content increased up to 66% WFPS. 
 
  
Fig. 2—Cumulative CH4 consumption and emissions from sandy loam and clay soil 
amended with different organic materials at different water contents. Arrows indicate the 
time of adding 200 kg N/ha. [Key: MM is mill mud, RB is rice husk biochar, MB is rice 
husk biochar plus mill mud, CM is composted mill mud and UN is the control without 
amendment.] 
 
In the present study, application of RB and CM to the soil showed CH4 consumption up to 
75% WFPS in sandy loam and all treatments in the clay soil consumed quantities of CH4 over the 
trial period. For MM amended sandy loam at 75% WFPS, CH4 consumption ceased after 5 days of 
incubation and subsequent CH4 emissions reached a peak of 7.3 g CH4-C/ha/d after 25 days of 
incubation. At 90% WFPS, all treatments stopped consuming CH4 after 7 days. MM and MB 
treatments emitted CH4 which then fluctuated throughout the monitoring period. 




The treatments where RB was applied emitted CH4 emissions after 20 days of incubation 
with a maximum of 2.2 g CH4-C/ha/d at day 60 of the incubation. This result does not support the 
results of Rowlings et al. (2012) who reported a positive linear relationship between daily CH4 
uptake and soil water content based on two-year observations. 
 Effects of added N 
 The addition of N (solubilised urea) at day 30, promoted a uniform short-term increase in 
CH4 consumption or decrease in CH4 emissions in all treatments in both soils. This occurred even 
when emissions were very high such as in the MM treatment (at 75% and 90% WFPS) in sandy 
loam soil. This effect was short lived and was followed by an equally short-lived increase in CH4 
emissions (MM in sandy loam at 90% WFPS) or reduction in CH4 consumption (all treatments in 
clay soil) compared to before N was added. This trend has been reported in some previous studies 
(Steudler et al., 1989; Mosier et al., 1991; Nesbit and Breitenbeck, 1992; Borjesson and Nohrstedt, 
2000). Previous laboratory studies report that NH4+ can be an alternative substrate for 
methanotrophic micro-organisms but also a competitive inhibitor (Whittenbury et al., 1970; Bedard 
and Knowles, 1989). Meanwhile, Nesbit and Breitenbeck (1992) suggested that NH4+ works as an 
irreversible inhibitor for oxidising CH4. Our results showed that the addition of N increased CH4 
uptake (Figure 2d-f) 
 Interactions 
Methane consumption and emission rates were significantly affected by soil types and time 
at three water contents and by sources of organic amendments at 60% WFPS (Table 2). The 
relationship of water content and CH4 uptake was observed in both soils. The rates of CH4 uptake 
declined when the water contents increased in sandy loam and in the treatments of MM and MB. 
This relationship was similar to those reported in previous studies (Weier, 1999; Scheer et al., 
2011). 
Conclusions 
The results of laboratory incubation indicated that applying rice husk biochar could reduce 
CH4 emissions at 60% to 75% WFPS in sandy loam soil. Mill mud amendment caused high CH4 
emissions in sandy loam soil when soil water moisture increased to 75% or above. Clay soil showed 
high and consistent CH4 consumption which increased when N was applied. Mill mud amendment 
had little effect on CH4 emissions and consumption at 60% WFPS in sandy loam soil and clay soil. 
However, at high water content (>75% WFPS), MM produced high rates of CH4 emissions even 
when RB was added. 
The results showed that RB can increase CH4 uptake under low SWC and decrease CH4 
emissions under anaerobic conditions, while MM amendment resulted in extremely high CH4 
emissions at 75% and 90% WFPS in sandy loam soil. Composted mill mud reduced CH4 
production. Raw MM should be composted before application to soil or combined with RB to 
reduce CH4 emissions. The effects of these organic amendments on CH4 flux were not consistent in 
clay soil suggesting further research is required. 
 
Table 2—The significance of fixed effects following mixed model analysis of CH4 consumption and 
emissions from Broadwater sandy loam and clay soil amended with organic amendments. 
Effects 60%WFPS 75%WFPS 90%WFPS 
Soil ** * *** 
Time *** *** *** 
Organic amendments  ** NS NS 
Soil x organic amendments  NS NS * 
Soil x time *** *** *** 
Organic amendments x time NS NS NS 
Soil x organic amendments x time NS NS NS 
 *** significant at P<0.0001, ** P<0.001, * P<0.05, NS non-significant. 
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